To establish the consistency of the previously reported pattern of muscle involvement in a large cohort of patients with molecularly defined ryanodine receptor type 1 (RYR1)-related myopathies, to identify possible additional patterns, and to compare magnetic resonance imaging (MRI) findings with clinical and genetic findings.
Results: Twenty-one of 37 patients with RYR1 mutations had a typical pattern; 13 had a consistent pattern. Two patients had uninformative MRIs and only 1 had a different pattern. Compared with patients with dominant mutations, patients with recessive mutations and ophthalmoparesis had a more diffuse pattern, classified as consistent in 6 of 8. In contrast, 10 of 11 with recessive mutations but without ophthalmoparesis had a typical pattern. All MRIs of 23 control patients were classified as different.
Conclusions:
Our results suggest that muscle MRI is a powerful predictor of RYR1 involvement in patients with a congenital myopathy, especially if they carry a dominant mutation or recessive mutations without ophthalmoparesis.
Arch Neurol. 2011; 68(9) :1171-1179 C ONGENITAL MYOPATHIES due to mutations in the ryanodine receptor type 1 g e n e , R Y R 1 ( O M I M *180901), are the most frequent forms of congenital myopathy. Traditionally, RYR1 mutations were associated with central core disease and malignant hyperthermia, but in recent years, they have been found in patients with other forms of myopathies, including multiminicore disease, centronuclear myopathy, congenital fiber type disproportion, and type I fiber uniformity. [1] [2] [3] [4] [5] [6] [7] [8] They are usually dominantly inherited, but recessive mutations are increasingly recognized. [9] [10] [11] Clinically, there is a wide spectrum of severity ranging from patients never achieving independent ambulation to individuals with malignant hyperthermia susceptibility but little or no muscle weakness. 1, 12 Considering the clinical similarities of RYR1-related core myopathies to other congenital myopathies and the often nonspecific pathological changes, their diagnosis is often not straightforward, and the investigation of the underlying molecular genetic defect is expensive and timeconsuming owing to the large size of RYR1. It has been recently suggested 13 that muscle magnetic resonance imaging (MRI) may help to direct genetic testing in muscular dystrophies. The pattern of selective muscle involvement on MRI in RYR1-related core myopathies has already been reported in a relatively small series of patients who mainly carried dominant RYR1 mutations. 14, 15 So far, no systematic attempt has been made to correlate MRI findings to clinical and genetic findings in a larger cohort of these patients.
The aim of the present study was to review the muscle MRI findings in 37 patients with RYR1 mutations, including cases with both recessive and dominant mutations. Specifically, we aimed (1) to establish the consistency of previously reported MRI patterns in a larger cohort and (2) to correlate MRI findings with clinical and genetic findings.
METHODS
We included all patients referred to the participating centers in whom a molecular genetic diagnosis of an RYR1-related myopathy, muscle MRI, and clinical details were available. We identified 37 patients. Seventeen of these have been described in previous reports 3, 14 ; in 12 patients, muscle imaging had been specifically commented on, but they were included in the present study to assess the spectrum of MRI changes and their association with genetic and clinical findings in a larger cohort. All other patients have been molecularly characterized or imaged subsequent to the previous reports.
Magnetic resonance imaging had been performed according to a previously reported protocol. 16, 17 Non-contrastenhanced T1-weighted transverse images were obtained from the legs, selecting the axial plane with respect to the long axis of the body. This procedure involved 2 sequential scans. The sections were 5 mm thick, and the gap between sections was 50 mm. All patients were fully cooperative, and no sedation or general anesthesia was required. All patients were older than 4 years. Ethical permission had been obtained by the institutions participating in the study; written informed consent was obtained for the MRI and genetic testing.
Muscle MRIs were reviewed blindly and independently by 3 investigators (A.K., H.J., and E.M.). Selective involvement of muscles in the upper and lower leg was evaluated. The images were classified after comparing each one with the pattern previously reported in RYR1-related myopathies.
14, 15 The images were classified as typical if they were similar or identical to the pattern described in the literature, compatible or compatible with some differences (listing additional features) or showing an overlap with another known pattern, different, and uninformative if the changes were very mild and nonspecific. The aim of this approach was not to provide scores for individual muscles but to have a cumulative pattern of muscle involvement. More specifically, we evaluated the criteria of severity of involvement of adjacent muscle groups as proposed in the first description of RYR1-related myopathies, and the individual muscles were graded as previously reported. 16 To establish the specificity and sensitivity of our findings, the examiners, blinded to the genetic diagnosis, also assessed 23 MRIs of patients with overlapping clinical and muscle biopsy findings. These images were graded using the same criteria. The control MRIs included 12 from patients with nemaline myopathy (including 3 with nebulin [NEB] mutations, 6 with skeletal muscle ␣-actin [ACTA1] mutations, and 3 without genetic confirmation but unlinked to RYR1), 6 from patients with rigid spine syndrome and mutations in the selenoprotein N (SEPN1) gene, 3 from genetically unresolved patients with centronuclear myopathies unlinked to RYR1, and 2 from patients with multiminicores but without SEPN1 or RYR1 involvement.
To establish whether the presence of specific patterns was related to clinical findings, we also correlated muscle MRI findings with overall clinical severity and with different phenotypes, in particular, the presence or absence of extraocular eye involvement (partial or nearly complete ophthalmoplegia, collectively referred to herein as ophthalmoparesis), which can be observed in patients with recessive RYR1 mutations. Clinically, we classified cases as mild (patients who did not experience any difficulties in everyday life), moderate (patients who could walk independently but were unable to climb stairs without a rail, or to run), or severe (patients who were unable to walk independently or could only take a few steps [Ͻ10]).
The molecular genetic results, biopsy findings, and patients' clinical findings were taken from the patients' records.
RESULTS
Of the 37 patients identified, including 17 previously described and 20 new patients, 29 had a typical phenotype 1 with proximal, predominantly hip girdle weakness and varying degrees of axial and facial weakness, and 8 had additional ophthalmoparesis. Details of our cohort are given in Table 1 (imaging) and Table 2 (clinical). Eighteen patients had dominant and 19 patients had recessive RYR1 mutations. Sixteen patients were related. The entire RYR1 gene was sequenced in 24 patients, whereas only C-terminal hotspots had been screened in 13 patients (indicated in Table 3 ).
IMAGING FINDINGS

RYR1 Group
In 21 of the 37 MRIs in the study group (57%), the pattern observed was classified as typical; 11 of these have been previously reported. 3, 14 The rectus femoris was always relatively spared compared with the adjacent muscles, although it was not always entirely normal.
In another 13 patients (including 5 previously reported 3, 14 ), the changes were consistent with the previously reported pattern, although there were additional changes that did not allow defining it as typical. In particular, the rectus femoris showed markedly increased signaling in 4 cases (with patchy changes in 2 of 4) that had not previously been reported. In 4 of the consistent cases, the previously reported difference between adductor longus, typically spared or only very mildly involved, and the adductor magnus, which had been reported to be always more markedly involved, was less striking. In some patients, the involvement of the adductor magnus was more marked centrally, particularly in the early stages. In 3 of the consistent cases, the pattern was more typical in the images of the proximal portion of the leg.
In 4 cases, changes were consistent, with sparing and hypertrophy of the rectus and adductor longus muscles, but these changes overlapped with the pattern reported in SEPN1-related myopathies because of the additional marked involvement of the sartorius. These 4 cases were classified as consistent but with overlap with another known pattern.
The involvement or relative sparing of semimembranosus and semitendinosus muscles was equally distributed.
In the lower legs, the soleus muscle was clearly more affected than the gastrocnemius in all but 3 cases, in which the differences were not as marked. The peroneal group was more affected than the tibialis anterior muscle in 28 patients; in 6 of 35, it was similarly affected; in 1 patient only, it was less affected than the tibialis anterior muscle. In 2 patients, the images of the lower legs were not available.
The pattern in 1 patient was classified as different with involvement of the adductor longus and rectus femoris muscles, and 2 additional patients had only minimal nonspecific muscle MRI changes.
There was agreement among the 3 observers in 33 of the cases (89%). In the remaining 4 cases (11%), 2 examiners classified the pattern as compatible and the other as typical; these cases were eventually classified as compatible.
Control Group
The 23 MRIs analyzed as disease controls all had patterns of muscle involvement different from that reported as typical of RYR1-related myopathies.
ASSOCIATION BETWEEN CLINICAL PHENOTYPES AND MRI FINDINGS
Of 7 patients with a mild phenotype, 3 had a typical pattern, 3 had a consistent pattern, and 1 had only mild nonspecific changes. Of 26 patients with a moderate phenotype, 14 had a typical pattern and 10 had a consistent one. In 1 patient each, findings were nonspecific or different. In all 4 patients with a severe phenotype, the pattern was classified as typical.
HISTOLOGIC AND MRI FINDINGS
In 21 patients, results of histologic studies were available. Of those, only 1 (patient 12) had type 1 predominance and large cores running along the fiber, previously reported to be a typical sign of central core disease, and she had typical MRI findings. Four patients had few cores, and 6 had corelike areas or unevenness of staining on oxidative enzyme staining. Of the 6, 4 had peripheral and 2 had multiple cores. Eleven patients had type 1 predominance, and all others had unspecific myopathic signs. Of the patients with cores or corelike areas, 8 of 13 had typical imaging findings. Of the 13 patients with compatible MRI findings, 3 had corelike areas and 4 did not.
MODE OF INHERITANCE AND MRI FINDINGS
Of 18 patients with dominant mutations, 11 had typical, 6 had consistent, and 1 had uninformative changes. Nineteen patients had recessive mutations; of these, 10 had typical, 7 had consistent, 1 had different, and 1 had uninformative findings. None of the recessive cases with ophthalmoparesis (n = 8) had a typical pattern, whereas this was found in 10 of 11 without ophthalmoplegia. Ophthalmoparesis ranged from mild restriction of eye movements mostly in abduction and upward gaze to severe limitation in the horizontal and vertical plane. None of the patients, however, had complete ophthalmoplegia. When data from this subset of patients were analyzed separately, the difference between the adductor longus muscle (usually spared or only mildly involved) and the adductor magnus muscle (usually severely affected) in 5 of 8 patients with ophthalmoparesis was less striking. In 3 of 8 patients with ophthalmoparesis, the rectus femoris was not as strikingly spared as in the typical cases. Imaging findings are summarized in Table 1 . Figure 1 shows a schematic diagram of the selective muscle involvement. Figure 2 shows examples of typical moderate and severe findings of patients with dominant mutations. 
COMMENT
The pattern of selective involvement of muscles on MRI in patients with central core disease due to RYR1 mutations was initially reported in 2004. 14 In that small series (11 cases), patients with mainly dominant mutations had a similar pattern consisting of adductor longus, rectus, gracilis, and semitendinosus muscles being selectively or relatively spared compared with other thigh muscles. Anterior thigh muscles were more affected than the posterior compartment. In the lower legs, the peroneal group was usually more affected than the tibialis anterior, and the soleus was generally more involved than the other posterior muscles, with the lateral head of the gastrocnemius often more affected than the medial. These findings have been subsequently confirmed in a separate study 15 from another group in patients with dominant RYR1 mutations. The aim of the present study was to establish whether these original findings could be confirmed in a considerably larger cohort that included 20 patients with different degrees of clinical severity and different modes of inheritance who had never previously been described, including 19 patients with clear autosomal recessive inheritance and 8 with associated ophthalmoparesis. Although we were able to confirm the pattern previously reported as the most frequent finding, we also demonstrated additional features, mainly depending on genotype and the presence of ophthalmoparesis, that were still consistent with the typical pattern but expanded the spectrum of MRI findings in RYR1-related myopathies.
In keeping with our recent observation in other muscle disorders, 13 our results suggest that the analysis of the gradient of muscle involvement, as shown in the schematic in Figure 1 , is a more valuable approach than the analysis of individual muscles, which may be misleading. For example, although in the original description of muscle MRI in patients with RYR1 the rectus femoris muscle appeared to be strikingly spared, in our larger cohort we found a mild involvement of the rectus femoris in a significant proportion of cases (15 of 36 cases studied) and a marked signal increase in 4 patients. In all these cases, however, the rectus was always clearly less involved than the vasti, indicating that the previously reported gradient still applies, even in cases in which the rectus is affected. However, we also found 3 cases with recessive mutations and 1 mild dominant case that had a less striking difference with the adjacent muscles.
Other observations further expand the spectrum of the MRI findings associated with RYR1 mutations. For example, the pattern of involvement of the hamstring muscles proposed in the original description, 14 in which the semitendinosus was less affected than the semimembranosus in 9 of 11 cases, was not confirmed. However, the semimembranosus or semitendinosus muscles were variably involved in the present series.
When we compared MRI findings with clinical severity, we observed that the pattern was more often typical in the severe or moderate cases, whereas, not surprisingly, mild or nonspecific changes were generally found in patients with milder clinical phenotypes. In 4 cases with mild involvement on MRI, the sartorius appeared to be involved even when other muscles, such as the vasti and the adductor magnus (usually more affected in the typical pattern), appeared to be relatively spared. In those cases, the pattern resembled the one observed in mildly affected patients with SEPN1-related myopathies. 13, 18 Because all patients in our RYR1 cohort had a genetically confirmed diagnosis, we were also able to correlate MRI findings to the mode of inheritance. Typical and consistent patterns were similarly found in dominant and recessive mutations; however, we noted that, although recessive cases without ophthalmoparesis consistently showed the typical pattern, those with ophthalmoparesis showed a consistent pattern but more diffuse changes with a lesser gradient between involved and spared muscles. In particular, we found that, in the latter group, the differential involvement between the typically spared adductor longus and the markedly affected adductor magnus was not as striking as in the typical dominant cases previously reported. This feature was observed in 5 of 8 patients with recessive RYR1 mutations and ophthalmoparesis and in only 1 of 11 patients with recessive mutations without ophthalmoparesis. This pattern likely reflects the overall more widespread muscle involvement in recessive RYR1-related myopathies with ophthalmoparesis. 19 Our results suggest that, although the spectrum of RYR1-related muscle MRI findings is broader than originally reported, evaluating the pattern and the gradient of involvement of the leg muscles considerably helps in the differential diagnosis.
Of the 23 patients with other myopathies in the control group, none had MRIs that were compatible with the pattern observed in RYR1-related myopathies. Several conditions might overlap clinically and/or pathologically with core myopathies, including cases with rigid spine muscular dystrophy, Ullrich congenital muscular dystrophy, nemaline myopathy with cores, centronuclear myopathy, [20] [21] [22] and congenital fiber-type disproportion due to mutations in genes other than RYR1. 23 However, muscle MRI patterns observed in our series are distinct from those reported in DNM2-related centronuclear myopathies, 24, 25 Ullrich congenital muscular dystrophy, and NEBor ACTA1-related nemaline myopathy. 13, 17, 26, 27 The only exception in our cohort were cases with a degree of overlap with the pattern found in early rigid spine muscular In the calf, the most affected muscle is the soleus (SO), followed by the gastrocnemius lateralis (GL) and to a lesser effect the gastrocnemius medialis (GM). In the anterior compartment, which is less affected than the posterior, the peroneal group (PG) is more affected than the tibialis anterior (TA). EDL indicates extensor digitorum longus; FDL, flexor digitorum longus; and TP, tibialis posterior. dystrophy; this is an interesting observation considering the recently suggested link between the conditions as a result of secondary RyR1 dysfunction as a result of SEPN1 mutations. 28 Regarding the diagnostic aspects, our findings are important for 2 reasons. First, they reinforce the importance of considering RYR1 involvement in individuals with relatively nonspecific pathological findings; second, the finding of a typical pattern will help the interpretation of emerging genetic data. Systematic RYR1 sequencing often reveals variants of uncertain significance, and identification of a typical muscle MRI pattern may aid the often challenging task of assigning pathogenicity to these changes. Taking into account potential overlap with SEPN1-related myopathies on muscle MRI imaging in a few patients, SEPN1 involvement should be excluded in those patients first, considering the small size of the gene. However, we would proceed with RYR1 screening in patients with suggestive muscle MRI findings because we are not aware of any other condition with normal creatine kinase levels and muscle involvement similar to RYR1-related myopathies.
In conclusion, our results expand the spectrum of muscle MRI findings in patients with RYR1-related myopathies. Although a pattern of muscle involvement consistent with that previously reported characterizes most of the patients with dominant and recessive mutations without ophthalmoparesis, additional features, particularly in patients with ophthalmoparesis, are present. In addition, this larger study suggests that muscles originally reported to be relatively spared, such as the rectus femoris, adductor longus, or semimembranosus and semitendinosus muscles, can show variable involvement. However, even in these cases, the gradient of selective muscle involvement still allows the RYR1 pattern to be recognized. In addition to the clinical and pathological findings, this information should be used to direct genetic testing and when interpreting the significance of novel genetic variants.
